The course of infection with a Malaysian dog strain of Ancylostoma ceylanicum was investigated in 15 inbred strains of mice, in outbred and inbred mice immunosuppressed with prednisolone, and in immunodeficient hypothymic mice. Oral, percutaneous and subcutaneous routes of infection, in both sexes of mice, were assessed. In only one instance was a single small adult male worm found. Following oral infection, larvae migrated from the stomach to the large bowel and then a proportion of worms penetrated the perianal skin. This was followed by the appearance of larvae in the lungs. Living 3rd-stage larvae were seen in the anterior small intestine, perianal skin and lungs for the 6 weeks of the study, with peak recoveries being at 12 h, 8 days and 3 weeks, respectively. It is clear that systemic migration of larvae occurs after oral infection, and it is possible that recirculation may occur. Only a small percentage of larvae penetrated the abdominal skin after being administered percutaneously. In subcutaneous infections, a small proportion of larvae moved rapidly from the site of injection and were recovered from the lungs 2 h after infection. Most larvae, however, migrated from the injection site over the ensuing few days. Living 3rd-stage larvae were seen in the lungs and in the small intestine for the 4 weeks of observation. The strain of A. ceylanicum employed does not complete its development in mice. Nevertheless, this model offers significant potential for studying the immune responses, as well as investigating the means by which these parasites evade host defences.
INTRODUCTION
Hookworm infection is a major cause of morbidity and mortality in humans. When compared with other human helminth infections, however, relatively little attention has been given to analysing the hos1>-parasite relationship in ancylostomiasis. This is largely the result of a paucity of suitable animal models. A number of attempts have been made to infect a variety of laboratory animals with each of the three hookworms which complete their development in humans, namely Ancylostoma duodenale, Necator americanus and A. ceylanicum.
A. duodenale infections have been described in chimpanzees (Miller, 1968) and in normal and immunosuppressed dogs (Schad, 1979) , but the large size of these animals with the attendant difficulties of housing and increased costs make these hosts less than ideal. Bhopale & Menon (1979) reported the developent of A. duodenale in infant rabbits, while N. americanus has also been described in infant rabbits (Bhopale, Menon & Renapurkar, 1977; Bhopale, Menon & Kulkarni, 1980) and in infant hamsters (Sen & Seth, 1967) . This necessity for infecting neonatal animals has inhibited wide usage of these models. Whereas A. duodenale and N. americanus are primarily human pathogens, A. ceylanicum has a wider host range, being found in humans, dogs, cats, civet cats and Bengal tigers in nature (Levine, 1980) . This suggests that there is a greater likelihood of conventional small laboratory animals being susceptible to this species of hookworm. Ray, Bhopale & Shrivastava (1972) reported that A. ceylanicum developed in hamsters, but the percentage of worms which reached maturity appeared to be very small. Bhopale, Menon & Renapurkar (1978) infected infant mice with A. ceylanicum and found a very small number of mature worms. Finally, Ray, Bhopale & Shrivastava (1975) infected adult outbred mice with their hamster strain of A. ceylanicum; adult worms matured in both normal and immunosuppressed mice, but worms persisted in the bowel only in the latter group.
Studies of hookworm infection in mice would offer considerable advantages as these animals are inexpensive, easy to manipulate and their genetic background is relatively well understood. The worm burdens obtained in mice by Ray et al. (1975) , however, were relatively small, with less than 1*5% of larvae reaching maturity. Since genetic influences are major factors controlling the susceptibility or resistance of a host species to parasite infections (Wakelin, 1978) , it is possible that some inbred strains of mice may be more susceptible to this helminth. Ray et al. (1975) also suggested that it would be worthwhile to determine whether a dog strain of A. ceylanicum could develop in mice with or without the influence of immunosuppression.
We now report our observations on the course of infection after oral and parenteral administration of a dog strain of A. ceylanicum to outbred, inbred and immunocompromised mice.
MATERIALS AND METHODS

Animals
Fifteen inbred strains of mice were obtained from The Walter and Eliza Hall Institute for Medical Research (Melbourne, Victoria). Swiss albino outbred and hypothymic (nude) mice on a random albino background were supplied by the Animal Resource Centre (Murdoch, W.A.). Cats and dogs were obtained from the general public.
Ancylostoma ceylanicum Faeces containing eggs from a dog with a mixed infection of A. caninum and A. ceylanicum were sent to Perth by L.K.W. from Serdang, West Malaysia. Aliquots of 10 g of faeces were placed on 6 cm diameter watch glasses in Petri dishes containing water. The Petri dishes were kept in a moistened state in a 25 °C incubator with a light source for 6 days. Water in the Petri dishes containing larvae was collected, centrifuged at 400 £ for 5 min in 15 ml vol. centrifuge tubes, much of the supernatant fluid was removed and then the pellet was resuspended and transferred to fresh Petri dishes. After 2-4 weeks the filariform larvae were collected, washed twice by centrifugation and resuspended in phosphate-buffered saline (PBS). A male, mongrel 7-week-old pup was treated with the anthelmintics bunamidine hydrochloride and pyrantel pamoate (as were subsequent dogs and cats). One week later the animal was lightly anaesthetized for 20 min with halothane, the inguinal region shaved and 6000 larvae in PBS were applied to the skin surface. Eggs were found in the faeces 16 days after infection. Two months after infection, the dog was killed and the small intestine removed. Adult worms were recovered and A. ceylanicum and A. caninum were separated on the basis of size. Fertile female A. ceylanicum worms were placed in Petri dishes containing PBS and incubated at 37 °C for 1 h. The released eggs were collected and sub-cultured on fresh uninfected dog faeces. Filariform larvae derived from these eggs were recovered 4 weeks later and another 8-week-old male mongrel dog was infected. A patent infection developed; infective larvae were recovered from this animal and used to infect 3 male cats with 5000 larvae percutaneously each. Eggs obtained from these cats were used to infect a new reservoir dog; autopsy of infected cats confirmed the absence of A. caninum; all the worms recovered were A. ceylanicum.
Mice were infected either orally, percutaneously or subcutaneously. For oral infections, the infective larvae were suspended in 0 3 ml of PBS and administered by oesophageal intubation with a blunt-tipped 16 gauge needle. When larvae were administered percutaneously, mice were anaesthetized with sodium pentobarbitone, the abdominal wall shaved, dampened with water and the filariform larvae in a 50 /i\ suspension were applied to the skin and left for 20 min. In subcutaneous infections, benzyl penicillin (Commonwealth Serum Laboratories, Parkville, Victoria) and streptomycin sulphate (Glaxo Australia, Boronia, Victoria), at concentrations of 400 i.u./ml and 400/fg/ml respectively, were added to the PBS containing larvae prior to injection of the larvae into the flank of the animal. Faeces were collected from individual mice for 1 h, broken up with a glass rod in a small quantity of water in 15 ml vol. centrifuge tubes and resuspended in 10 ml of water, and multiple 0 5 ml samples were examined in Sedgewick-Rafter-type chambers. At the termination of some experiments, mice were sacrificed and the small intestines were examined for the presence of adult worms.
In order to examine the path of migration of infective larvae, mice were killed at intervals and various tissues examined for the presence of larvae. In oral infections, the peritoneal and pleural cavities were injected with PBS and the washings collected. The lungs, heart, kidneys, spleen, liver, stomach, anterior half of the small intestine, posterior half of the small intestine and colon were removed. The perianal skin and subcutaneous tissues (diameter approximately 15 mm) were dissected and removed. The brain was taken out of the cranial cavity and the fluid within the cavity aspirated. Both the surface of the brain and the cranial cavity were gently washed in PBS, and the washings added to the fluid aspirated from this cavity and henceforth are referred to as cerebrospinal fluid (CSF). The skin over the face was stripped off and the nasomaxillary region was excised by separation from the bone of the cranium, the mandible and the surrounding muscles. The pectoral muscles and the hamstring muscles were excised, weighed and treated separately. Additionally, in percutaneous infections, the entire ventral surface of the mouse was shaved in order that a section of the anterior thoracic skin measuring 15x15 mm, as well as the anterior abdominal wall measuring approximately 20 x 20 mm, could be removed relatively free of fur. In subcutaneous infections, the same procedure was followed as for the oral infections, with the addition of removal of the shaved skin of the flank at the injection site, together with the underlying muscle. Tissue homogenates were prepared in a Waring blender at high speed for 15 sec, suspended in 10 or 50 ml of PBS and the larvae in multiple (2-10) 0-5 ml samples counted. The CSF and both serosal cavity washings were centrifuged at 300 g for 5 min and the number of larvae in the pellet counted.
Corticosteroid
Prednisolone (Predsol enema, Glaxo Australia) was administered daily in a dose of 2 mg/kg by intra-oesophageal intubation.
RESULTS
Infection in inbred mice
Five males of each strain of inbred mice were infected with 1000 larvae orally. Fifteen strains were infected, namely AKR/J, A.TH, BALB/c, CBA/CaH, CBA/N, C3H/He, C57B1/6J, DBA/1J, DBA/2, NZC, NZO, NZW, NZX, SJL/J and 129/J. Faeces were collected weekly for 8 weeks; no eggs were seen. Autopsies conducted 9 weeks after infection failed to disclose adult worms in the small intestine. Similarly, 5 male mice of each strain were infected percutaneously with 500 larvae. Weekly collection of faeces for 11 weeks and subsequent post mortem examination of the small intestine did not demonstrate the presence of eggs in the faeces or adult worms in the bowel.
Infection in immunosuppressed outbred mice
Ten male and 10 female Swiss albino mice were immunosuppressed with corticosteroid beginning 1 day prior to infection. Five male and 5 female mice were given 1000 larvae orally, while the remainder were infected percutaneoulsy with the same number of larvae. Weekly faecal examinations for eggs over 7 weeks and subsequent examination of the intestines at necropsy for adult worms failed to demonstrate their presence.
Infection in immunosuppressed inbred mice
Five females of each strain of inbred mice, namely: AKR/J, A.TH, BALB/c, CBA/CaH, CBA/N, C3H/He, C57B1/6J, DBA/1J, DBA/2, NZO, NZW, SJL/J and 129/J were immunosuppressed with corticosteroid beginning 2 weeks prior to infection. Each mouse received 500 larvae orally and 500 larvae percutaneously. Seven weekly examinations and subsequent autopsies did not reveal eggs in the faeces or adult worms in the intestines. 
Injection in hypothymic mice
Twelve male nu/nu hypothymic mice were infected with 750 larvae each. The larvae were administered percutaneously in 3 mice, subcutaneously in 3 and orally in 6 mice. Seven weekly faecal examinations and subsequent autopsies did not demonstrate the presence of eggs in faeces or adult worms in the bowel.
Migration of larvae after oral infection
Fifty male Swiss albino mice were each infected with 2500 larvae orally. Tissues were examined from groups of 4 mice 2 and 12 h, 1, 2, 4 and 8 days and 2, 3, 4, 5 and 6 weeks after infection. Apart from 1 immature male found in 1 mouse 6 weeks after infection, all the worms seen in these mice were motile 3rd-stage larvae. Recovery data of worms from the mice are depicted in Fig. 1 . After oral infection, most worms were found in the stomach and anterior small intestine for the first 12 h, following which the numbers rapidly declined. However, small numbers persisted thereafter, with a mean recovery of 7 worms (0-3%) at 6 weeks. Small numbers of worms were seen in the posterior half of the small intestine, with recovery (9-5 %) occurring at 12 h. The peak recovery (31 %) of worms from the large intestine was noted 24 h after infection. Worms were first seen in the perianal skin 24 h after infection, with peak numbers (18 %) in this tissue being noted after 8 days; there was a slow decline in numbers over the ensuing 5 weeks. Larvae were first recovered in very small numbers from the lungs after 2 days and then gradually increased to a peak level (2-4%) 3 weeks after infection; small numbers were seen at 4 and 5 weeks. No worm was recovered from the brain, CSF, hamstring muscles, heart, kidney, nasomaxillary region, pectoral muscles, peritoneal cavity, pleural cavity or spleen. A few worms, 64+130 (2-6%) and 10 + 20 (0-4%), were recovered from the liver at 2 and 12 h respectively.
Migration of larvae after percutaneous infection
Forty male Swiss albino mice were each infected with 2000 larvae percutaneously. Tissues were examined from groups of 5 mice 2 and 12 h and 1, 2 and 5 days after infection. All the worms recovered were motile 3rd-stage larvae. The results are indicated in Table 1 . The peak recovery of worms from the abdominal skin occurred at 2 h; only 8 % of worms administered were recovered from this site at this time. Most worms had left the skin by 24 h after infection. Worms were recovered in very small numbers from the lungs, liver and spleen as early as 2 h after infection with variable persistence thereafter. Large numbers of worms (11% of those applied to the skin) were found in the stomach and small bowel 2 h after infection. Occasional worms were seen in the skeletal muscles. Worms were not recovered from the brain, CSF, heart, kidney, nasomaxillary region, peritoneal cavity, pleural cavity or thoracic skin.
Migration of larvae after subcutaneous infection
Forty male Swiss albino mice were each injected with 2000 larvae subcutaneously. Tissues from groups of 4 mice were examined 2 and 12 h, 1, 2, 4, and 7 days and 2, 3 and 4 weeks after infection. All the worms seen were 3rd-stage larvae. Recovery data of worms from tissues of these mice are depicted in Fig. 2 . The peak numbers (46%) of worms recovered from the lumbar skin and subjacent muscles occurred 12 h after infection (this was not significantly different from the lower recovery at 2 h). Worm numbers at this site slowly declined over the ensuing days and weeks with 2 % of worms remaining at 4 weeks after infection; these worms were still alive. Larvae were first seen in the lungs 2 h after infection with a peak (3 -8 %) at 2 days, although worms were recovered from this organ throughout the 4 weeks of observation. Worms were first recovered from the gastrointestinal tract 2 h after infection. Small numbers were seen during the 1st week, with peak numbers (2 %) subsequently occurring at 2 weeks of infection, and worms were still present in the gut 4 weeks after infection. Most worms were located in the small bowel. Larvae were first detected in the perianal skin 2 days after infection. The number of worms progressively increased, with peak recovery (4-5 %) being noted at 2 weeks. Larvae were still present at this site after 4 weeks. Very small numbers of larvae were occasionally recovered from the CSF, kidney, peritoneal cavity, pleural cavity and spleen. No worms were seen in the brain, heart, liver, nasomaxillary region or pectoral muscles.
DISCUSSION
We have investigated the course of infection of A. ceylanicum in mice under a variety of conditions. Three routes of infection were compared in 15 inbred strains of mice of both sexes, and the effects of immunosuppression by corticosteroids and immunodeficiency in hypothymic mice were assessed. In only one instance in all these mice was a single small adult worm found. These findings contrast with the observations of Ray et al. (1975) , who found that adult worms developed in adult outbred mice, albeit in small numbers, and persisted in the gut in immunosuppressed animals. These differences presumably reflect different host specificities for the two strains of A. ceylanicum employed. The Indian workers used a strain originally derived from dogs and since maintained in hamsters, whereas our strain was isolated recently from dogs. Thus, there may be inherent differences between the two geographical isolates, or the Indian workers' strain may have been modified by maintenance in hamsters. It would be of interest to reassess the susceptibility of mice to our Malaysian dog strain after repeated passage through hamsters.
The migration of infective larvae in mice after oral inoculation was examined in detail. By 24 h after infection, the majority of worms had left the anterior small bowel. The two possible routes of exit are either penetration of the small intestinal mucosa or passage through the large bowel to the exterior. The latter course seems more likely since at 24 h after infection the greatest number of worms recovered was found in the large bowel, whereas no larva was found in the tissues. Although many worms were presumably lost in the faeces, progressively increasing numbers of larvae were recovered from the perianal skin. This was followed by a similarly increasing recovery of worms from the lungs, suggesting that they may have reached this organ after penetration of the perianal skin. Since the number of worms seen in the lungs was relatively small, and as they declined after 3 weeks, it seems likely that their lodgement in the lungs was for a relatively brief period. Some of them may have left the lungs, ascended the trachea, re-entered the gastrointestinal tract and possibly recirculated. Although the majority were lost by 6 weeks after infection, small numbers were still found in the small bowel. These observations contrast with those of Bhopale et al. (1978) , who did not find A. ceylanicum larvae in the lungs of mice, and of Ray et al. (1972) , who failed to find evidence of systematic migration of A. ceylanicum in hamsters. The pathway of A. ceylanicum infective larvae after oral administration in cats, dogs and humans is uncertain. Our observations in mice may simply reflect an altered pathway of migration of A. ceylanicum larvae in an abnormal host. They may indicate, however, that systemic migration of A. ceylanicum larvae in natural hosts after oral infection occurs after passage through the bowel and penetration of the perianal skin.
When mice were infected by the percutaneous route, only 10 % of the larvae administered were recovered from the tissues 2 and 12 h after infection. Direct examination of surface skin washings disclosed plentiful larvae and examination of the gut contents at 2 h revealed a considerable number of worms. These observations indicate that few worms had penetrated the skin during this period. Since mice were anaesthetized for only 20 min or so, it is likely that many larvae were either licked and swallowed or were lost in the bedding material.
This hypothesis is supported by the experiments of Vetter & Linden (1977) , who found that only 5 % and 35 % of larvae had penetrated dog skin 30 min and 6 h, respectively, after percutaneous infection.
Since the numbers of larvae penetrating the skin were so small, it was necessary to repeat the experiment after subcutaneous injection of large numbers of worms. Twelve hours after injection, approximately half the worms were still present at the infection site, while a quarter could be found 1 week later. The few worms remaining 4 weeks after infection were still alive. Some worms, however, moved out of the skin rapidly and were found in the lungs as early as 2 h after infection. Other worms were also found in the gut at this time; they may have leaked from the injection site and been ingested. The number of worms in the lungs increased rapidly to reach a peak at 2 days. This was followed by an increase in the numbers of worms in both the gut and the perianal skin, suggesting that the larvae followed the route skin ->lungs -> gut -* skin. It is unlikely that the larvae recovered from the perianal skin migrated there directly from the injection site, since skin taken from the thorax at an equal distance but in the opposite direction did not contain larvae. Croll, Matthews & Smith (1975) have observed that A. tubaeforme larvae which had successfully completed migration from the skin of a mouse to its lungs could complete a second migration successfully. The continued presence of larvae in the lungs is consistent with recirculation of parasites, although alternatively it could indicate their slow release from that organ.
Although this strain of A. ceylanicum does not complete its development in mice, this model nevertheless offers significant potential for investigating underlying immune responses and host defence mechanisms. Worms evade the host's defences and are still alive after at least 6 weeks of infection. Larvae migrate through the tissues and continue to be found in the gut. Study of the mechanisms by which they evade these defences may shed some light on the similar persistence of worms in human hookworm infection. Thus, immune responses against both systemic and intestinal worms can be measured, and attempts to induce immunity against both tissue and intestinal phases could be pursued.
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